Some authors proposed that exact mental calculation is based on linguistic representations and relies on the perisylvian language cortices, while the understanding of proximity relations between numerical quantities implicates the parietal cortex. However, other authors opposed developmental arguments to suggest that number sense emerges from nonspecific visuospatial processing areas in the parietal cortex. Within this debate, the present study aimed at revealing the functional anatomy of the two basic resolution strategies involved in mental calculation, namely arithmetical fact retrieval and actual computation, questioning in particular the respective role of language and/or visuospatial cerebral areas. Regional cerebral blood flow was measured with positron emission tomography while subjects were at rest (Rest), read digits (Read), retrieved simple arithmetic facts from memory (i.e., 2 ؋ 4, Retrieve), and performed mental complex calculation (i.e., 32 ؋ 24, Compute). Compared to Read, Retrieve engaged a left parietopremotor circuit representing a developmental trace of a finger-counting representation that mediates, by extension, the numerical knowledge in adult. Beside this basic network, Retrieve involved a naming network, including the left anterior insula and the right cerebellar cortex, while it did not engage the perisylvian language areas, which were deactivated as compared to Rest. In addition to this retrieval network, Compute specifically involved two functional networks: a left parieto-frontal network in charge of the holding of the multidigit numbers in visuospatial working memory and a bilateral inferior temporal gyri related to the visual mental imagery resolution strategy. Overall, these results provide strong evidence of the involvement of visuospatial representations in different levels of mental calculation.
INTRODUCTION
The question of the neural foundations of mathematical thinking is a highly debated topic. In mental calculation, some authors proposed that exact arithmetic (e.g., arithmetic tables) is based on linguistic representations and relies on the perisylvian language cortices Dehaene and Cohen, 1995) , while, by contrast, the understanding of proximity relations between numerical quantities relies on the parietal cortex being thus the site of a specific biological foundation for number sense (Dehaene et al., 1998; Spelke and Dehaene, 1999) . Others opposed developmental arguments to suggest that the number sense emerges from nonspecific visuospatial processing areas, especially within the parietal cortex (Simon, 1999) .
However, to nowadays, no study attempted to dissociate the retrieval component from the computation component of exact mental calculation, two basic resolution strategies that could be subserved by neural networks belonging to different domains (verbal versus visuospatial) . As a matter of fact, the results of simple one-digit arithmetical problems (i.e., addition and multiplication table facts such as 3 ϩ 4 or 3 ϫ 4) are stored as declarative knowledge in a semantic memory network and usually retrieved directly without actual computation (Ashcraft, 1992) . It has been proposed that such problems, called arithmetic facts, would be learned and stored as verbal association mediated by language-based representations (Dehaene, 1992) . According to this view, arithmetic facts retrieval processes would thus rely on classical language areas of the left hemisphere, including the inferior frontal gyrus (Broca's area), the posterior part of the superior and the middle temporal gyri (Wernicke's area) as well as the basal ganglia and thalamic nuclei (Dehaene and Cohen, 1995) . Neuropsychological studies have indeed shown that impairments of arithmetic fact retrieval can occur along with language disorders after cortical (Delazer et al., 1999; Seron and Noël, 1992) or subcortical lesions (Dehaene and Cohen, 1997; HittmairDelazer et al., 1994) , although most patients with subcortical lesions usually do not exhibit basic calculation deficits. One should note, however, that several neuropsychological studies reported the preservation of the basic skill of calculation in some severe aphasics (Assal and Jacot-Descombes, 1984; Rossor et al., 1995; Thioux et al., 1998) , suggesting that the question of a close relationship between whether arithmetic retrieval and language processes remains open. Moreover, arithmetic facts calculation impairment without aphasia has also been observed after left parietal lesions (Warrington, 1982; Whetstone, 1998) .
Recent neurofunctional imaging studies on arithmetic retrieval (multiplication and addition) failed to demonstrate any involvement of the perisylvian language areas. A previous PET study contrasting visually presented single-digit multiplication with rest showed activation of the left precentral gyrus and the inferior parietal cortex while both inferior frontal and superior temporal gyri, corresponding to language areas, were deactivated (Dehaene et al., 1996) . A recent functional magnetic resonance imagery (fMRI) study described a bilateral inferior frontal gyrus activation when comparing multiplication to a letter naming task. However, this activation disappeared when the same task was compared to a digit naming task, whereas left activations of the precentral gyrus and intraparietal sulcus remained activated (Chochon et al., 1999) . Finally, during a multiplication verification task, activations of the precentral gyri, intraparietal sulci, and ventral route areas were also observed (Rickard et al., 2000; see Fig. 1) .
As for simple addition, both left precentral gyrus and intraparietal sulcus have been involved during auditory (deJong et al., 1996) as well as visual presentation of single-digit additions (Pesenti et al., 2000) . A study with fMRI of exact versus approximate addition showed the involvement of left hemisphere frontal gyrus (orbital part of the middle frontal gyrus, anterior cingulate) together with a bilateral activation of the angular gyrus. The authors suggested that these regions were underlying the language-dependent coding of exact arithmetic facts with verbal associations, although it did not include classical language areas . Taken together, these neuroimaging data question the involvement of the language areas during arithmetic fact retrieval while they strengthen the implication of the left parietal and precentral cortices.
Answering to more complex problems (i.e., 37 ϩ 64 or 32 ϫ 24) does not solely rely on memory retrieval but must require the use of dedicated algorithms. Studies on expert calculators showed that knowledge and practice of such algorithms are the critical factors influencing performance (Chase, 1982; Pesenti et al., 1999; Staszewski, 1988) . However, little is known about how complex problems are solved by nonexpert individuals. The major finding for this concern is the dramatic increase in error rates and response latencies (ranging from at least 10 to several 10s of s depending on operation and problems; see Hitch, 1978; Faust et al., 1996) , which contrasts with the highly accurate and fast answers (1 s on average) for arithmetic facts. The cognitive processes usually assumed to be involved include storage and manipulation of numbers on a shortterm medium (Hitch, 1978) as well as selection and application of a dedicated resolution strategy. The steps leading to the solution must be found and their sequence controlled; arithmetic facts constituting the intermediate results must be retrieved from memory, kept in mind until used, and then forgotten to keep the memory load at a minimum level; finally, basic arithmetical rules must be applied. Thus, beside stimulus comprehension and response production, simple and complex calculation only share the memory retrieval component providing final and intermediate results, respectively. In this context, the specificity of complex calculation corresponds to working memory mechanisms (Baddeley, 1992) ; however, the type of working memory involved in calculation is still an unresolved question. Several authors have claimed that the specific articulatory rehearsal loop component of the verbal working memory contributes to arithmetical performance (Hitch, 1978) , while others have suggested the involvement of the visuospatial working memory and visual mental imagery processes (Hayes, 1973) . This last position is supported by at least one case report of a patient who had preserved multidigit calculation with verbal short-term memory impairments (Butterworth et al., 1996) , suggesting that mental complex calculation does not solely rely on verbal working memory. Finally, a more recent model proposed that both verbal and visuospatial working memory are involved during complex calculation (Dehaene and Cohen, 1995) .
To our knowledge, the neural basis of complex calculation have not yet been investigated with neuroimaging and data from neuropsychological studies are scarce. One should mention, however, the case of a patient suffering from impairments of complex calculation with preserved arithmetic retrieval after lesions of the left parietal cortex (Delazer and Benke, 1997) . The calculation deficits were interpreted as a loss of the conceptual knowledge of arithmetic with a preservation of memorized fact knowledge, indicating the specific role of the left parietal cortex in computation.
The goal of the present positron emission tomography (PET) study was twofold: (1) to establish the network of regions supporting arithmetic facts retrieval, in paying a particular attention to the involvement of the perisylvian language areas and (2) to determine the network of regions dedicated to computation and characterize the working memory type (verbal and/or visuospatial) of the areas involved in actual computation.
MATERIALS AND METHODS

Subjects
Six right-handed healthy male French students (age 21 Ϯ 1 years) volunteered to participate in this study. All were free from nervous disease or injury and had no abnormality on their T1-weighted high-resolution magnetic resonance images (MRI). Informed written consent was obtained from each subject after procedures had been fully explained. The local Ethics Committee gave approval of this experiment.
In order to ensure an optimal homogeneity of the sample, three selection criteria were adopted. The subjects were first selected on the basis of a French adapted version of the Mathematical Anxiety Rating Scale (Richardson and Suinn, 1972) . Compared to a population of 300 control subjects, they presented a low anxiety to mathematics score on this scale (30.5 Ϯ 11.1; controls: 45.8 Ϯ 15.1; mean Ϯ SD). Second, they were selected for their normal performances at simple and complex mental calculation tests. They responded to multiplication arithmetic facts (100 problems from 0 ϫ 0 through 9 ϫ 9, repeated 5 times) in 1280 Ϯ 1232 ms with an error rate smaller than 4% on average, a performance in the range of adults (LeFevre et al., 1996) . Moreover, their mean response latencies for 2-by 2-digit numbers multiplication (18 problems with product inferior to 1000) was 20.9 Ϯ 13.0 s, with an error rate smaller than 26%. This was also consistent with performance of adults in mental multi-digits calculations (Hitch, 1978) . Finally, all subjects scored within normal range in short-term memory storage tests such as visual digit-span (forwards: 7 Ϯ 0.6; backwards: 5.6 Ϯ 0.8) and auditory digit-span (forwards: 7.3 Ϯ 0.8; backwards: 5.5 Ϯ 0.5) (Miller, 1956) .
Experimental Design and Cognitive Tasks
Regional cerebral blood flow (rCBF) PET measurements were obtained during four conditions repeated three times:
Rest condition. The subjects were asked to rest silently in the dark with eyes closed and no other particular instruction was given except to relax and not to move.
Read condition. The subjects were presented with pairs of Arabic digits composed of zero and one and had to read them aloud. To balance the number of stimulations, subjects were instructed to self-pace their answers so that they would match with the answer pace in the Retrieve condition (i.e., answer after about 1 s). Only combinations of zero and one digits were presented in order to prevent any automatic retrieval process. Indeed, it has been shown that the mere presentation of a pair of digits may, under some circumstances, automatically activate their sum or their product (LeFevre et al., 1988) . Should pairs of 0s and 1s automatically activate any calculation, this one would not correspond to memory retrieval since problems involving 0 and 1 as operand are not retrieved as individual fact but solved using general rules (i.e., Any numbers multiplied by zero equals zero and Any number multiplied by 1 equals itself; McCloskey, 1992) .
Retrieve condition. The subjects were presented with single-digit multiplication problems, had to retrieve the product from memory and give the answer aloud as quickly as possible while keeping the error rate at a minimum. Only small (operand no larger than 5) and medium (one operand Յ5 and one operand Ն6; i.e., from 2 ϫ 2 to 5 ϫ 6) problems were chosen to maximize the probability of using a memory retrieval strategy (Zbrodoff and Logan, 1990) . As a matter of fact, large problems may involve backup strategies such as counting or splitting up into known problems (LeFevre et al., 1996) . Problems with zero and one as operand were not used because they are solved using general rules (see above). Problems were presented in a pseudo-random order with the constraint that no operand or product should be repeated during two consecutive trials.
Compute condition. The subjects were presented with 2-by 2-digits number multiplication with a product inferior to 1000, which requires actual computation. They had to mentally work out the problem and name aloud the final result. Each complex calculation could be divided according to a classical resolution algorithm into several intermediate steps to reach the solution (see Fig. 1 ) and required intermediate results to be retrieved from memory (multiplications and additions), resulting in a similar global amount of memory retrieval in both Retrieve and Compute conditions.
At the end of the entire PET session, a careful debriefing was carried out individually. Each subject was asked to explain the resolution strategy(ies) he had used during the Retrieve and Compute conditions; he was also asked to report the teaching method(s) used to learn multiplication tables during his childhood.
Experimental Set-Up and Stimuli
A black tent was set up all around the PET tomography, so that the data were acquired in total darkness during the rest condition. During the experimental tasks, stimuli were displayed on a 21' monitor screen (IntelliColor 20 e ) located behind the tomograph: a mirror placed in front of the subject's eyes allowed him to see the entire screen. Subjects were free to execute eye movements. Stimuli were pairs of 4-cm-high single-or two-digit Arabic numbers appearing in black on a light gray background; they were separated by a small square (Read) or a cross (Retrieve, Compute). The pair/ problems appeared at the center of the screen, remained apparent until the subject answered, they were then followed by a blank screen for 1700 ms before the next pair/problem was displayed (this time interval allowed the subject to formulate a complete answer). The computer recorded response latencies through a voice-activated relay that triggered a millisecond timer, and the accuracy of the answers was noted.
Image Data Acquisition and Analysis
Using
15 O-labeled water, 12 sequential rCBF PET measurements replicated three times the series of four cognitive tasks in fixed counterbalanced orders. Tasks started 30 s before the intravenous bolus injection of 8 mCi of 15 O-labeled water. For each rCBF measurement, 63 2.425-mm-thick contiguous brain slices were acquired simultaneously on a Siemens ECAT HR ϩ PET camera. Emission data were acquired in 3-D mode. A single 90-s scan was acquired and reconstructed, including a correction for head attenuation using a measured transmission scan, with a Hanning filter of 0.5 mm Ϫ1 cut off frequency and a pixel size of 2 ϫ 2 mm 2 . The between scan time interval was 10 min. After automatic realignment (AIR) (Woods et al., 1997) , the original brain images were transformed into the standard stereotactic Talairach space using SPM99 and the MNI (Montreal Neurological Institute) template. The images were smoothed using a Gaussian filter of 12-mm FWMH leading to a final smoothness of 15-mm FWMH. Global differences in the CBF within and between subjects were removed by scaling. The comparisons across conditions were made by way of t statistics. Statistical parametric maps corresponding to comparisons between the Read, Retrieve, Compute, and Rest tasks were generated with the 1999 version of SPM (http://www.fil.ion.ucl.ac/spm/spm99.html). Concerning the Compute versus Retrieve and Retrieve versus Compute contrasts, we masked each contrast by Compute versus Read or Retrieve versus Read (mask set at P Ͻ 0.05) in order to avoid artifactual differences due to decreases in the Retrieve condition for the former and in the Compute condition for the latter. Finally, two conjunction analyses using orthogonalized contrasts (Price and Friston, 1997) were performed in order to uncover (1) the activated areas shared in common by Retrieve and Compute as compared to Read, and (2) their common deactivations as compared to Rest. For each contrast, the voxel amplitude t map was transformed in a Z volume that was threshold at Z 0 ϭ 3.09, which corresponds to a 0.001 confidence level (uncorrected for multiple comparisons). Activation foci above this threshold were reported together with their corresponding P values corrected for multiple comparisons. Anatomical localization of the maximum Z scores was based on an anatomical parcellation of the MNI template based on the identification of major sulci (Tzourio et al., 1997) .
RESULTS
Behavioral Results
Error rates, response latencies (RLs), and number of items for each task are given in Table 1 . The three conditions were performed with a high degree of accuracy, although Compute led to a higher percentage of errors (F (5,2) ϭ 12.5; P Ͻ 0.001). Moreover, RLs were Note. In the Read condition, combinations of 0 and 1 s were presented in order to avoid memory retrieval. To optimize the distinction between retrieval and computation, retrieval-based problems were restricted to the simplest multiplication facts (2 ϫ 2 through 5 ϫ 6) for which the probability of direct retrieval is the highest and computation-based problems to multiplication of 2-digit numbers with an answer smaller than 1000.
significantly longer during Compute as compared to Read (F (5,1) ϭ 31.6; P Ͻ 0.002) and Retrieve (F (5,1) ϭ 34.2; P Ͻ 0.0002) confirming that subjects were actually engaged in complex calculations. The Retrieve RLs appeared much shorter and were consistent with those usually found in the literature (LeFevre et al., 1996) . No significant RL difference was found between Read and Retrieve (F (5,1) ϭ 2.5; P Ͼ 0.16). The instruction to keep the same response pace in Read and Retrieve were thus adequately followed, which resulted in a comparable frequency of stimulations. Despite the difference in average presentation rates between Compute (6 items per scan) and Retrieve (47 items per scan), it is worth recalling that a complex problem could be decomposed into several steps with a classical resolution algorithm (see Fig. 1 ). Each step (i.e., intermediate result) was made of simple fact-based multiplication or addition. There was thus a comparable global amount of memory retrieval in Retrieve and Compute. This ensured that the direct comparison of these conditions would reveal the network dedicated to actual computation without taking into account the memory retrieval of arithmetic facts.
Introspective Reports
During the postexperimental debriefing, all subjects reported retrieving multiplication facts from memory and they never used backup strategies (e.g., counting or decomposition) during Retrieve. Furthermore, all reported that they had learned the multiplication tables at school thanks to rote verbal strategies. By contrast, for complex calculations, all subjects reported an upright reorganization of the calculation that was presented horizontally on the screen and described a splitting up of the calculation into several steps to reach the solution.
PET Results
Retrieve versus Read. As shown in Table 2 and Fig.  2a , subtracting Read from Retrieve revealed several activation foci located in the left hemisphere: in the anterior part of the insula, in the precentral gyrus, and in the intraparietal sulcus. In the right hemisphere, an activation of the right superior occipital gyrus near the intraoccipital sulcus was observed. Activations were also detected in the cerebellum, in its anterior part on the left, and in its posterior and medial parts on the right hemisphere. No activation was found in Broca's and Wernicke's areas. Note that none of these activations reached the 0.05 significance level (corrected for multiple comparisons).
Compute versus Read. As shown in Table 2 and Fig.  2b , subtracting Read from Compute revealed areas identical to those detected in the Retrieve versus Read contrast, including in the left hemisphere, the anterior insula, the precentral gyrus, and the intraparietal sulcus. However, one should note that additional areas were detected in this contrast located bilaterally in the superior frontal sulcus and in the left middle frontal gyrus. In the parietal lobe, important activations were found in the upper part of the left supramarginal gyrus extending to the precuneus. Another focus was detected in the right intraparietal sulcus. In the occipital cortex, bilateral activations were observed in the fusiform gyrus extending to the inferior occipital and inferior temporal gyri. One should note that all regions detected in the parietal and occipital cortices, as well as the left precentral gyrus and the superior frontal sulcus in the frontal lobe were significant at P Ͻ 0.05 corrected.
Cerebral areas shared by both arithmetic tasks. The conjunction analysis between Retrieve and Compute compared to Read revealed the following activations in the left hemisphere: the anterior part of the insula, the precentral gyrus, the middle frontal gyrus, the superior frontal sulcus, and the intraparietal sulcus extending to the upper part of the parieto-occipital sulcus (Table 3 and Fig. 2c ). In the occipital cortex, activations were found in the right intraoccipital sulcus close to the superior occipital gyrus extending to the parietooccipital sulcus and bilaterally in the middle occipital gyri. The posterior part of the fusiform gyri was the site of bilateral NrCBF increases. In the cerebellar cortex, foci of activation were found in the posterior for the right side and in the anterior part for the left side. In this contrast, five regions were significantly detected at P Ͻ 0.05 corrected: the precentral gyrus, the intraparietal sulcus, and the middle occipital gyrus in the left hemisphere, the superior occipital gyrus, and the cerebellar cortex in the right hemisphere.
Cerebral areas activated during Compute as compared to Retrieve. This contrast allowed to detect both the areas specific to Compute and the areas showing larger NrCBF increases during Compute than during Retrieve (Table 4 and Fig. 3, hot colors) . Activations specific to Compute (i.e., showing no NrCBF increase or decrease during Retrieve) were the left superior frontal gyrus, the anterior part of the right intraparietal sulcus, the superior part of the supramarginal gyrus extending to the postcentral sulcus, the bilateral inferior and middle occipital gyri, extending to the posterior part of the inferior temporal cortex, the bilateral fusiform gyri, and the right cerebellar vermis.
Areas activated during both tasks but with a significant larger NrCBF increase during Compute were located in the left superior frontal sulcus at the junction with the precentral sulcus and in the depth of the left precentral sulcus near the inferior frontal sulcus and bilaterally along the intraparietal sulcus. Note that only the right middle occipital gyrus was reached a 0.05 significance level (corrected for multiple comparisons). Note. Activated region volumes are given in cm 3 . Within these regions, the anatomical localization of extremum is based on MNI template anatomical analysis. The Z map was thresholded at Z 0 ϭ 3.09 (P Ͻ 0.001, uncorrected for multiple comparisons) (R, right; L, left; inf., inferior; sup., superior; mid., middle; ant., anterior; post., posterior; med., median; corrected P value, individual activation focus P value corrected for multiple comparisons).
Cerebral areas activated during Retrieve as compared to
Compute. Very few activations were detected in the Retrieve versus Compute contrast; none reached the 0.05 significance level. They were located in the depth of the right transverse temporal gyrus (Heschl's gyrus) and in the posterior cingulate (Table 4 and Fig.  3 , cold colors). They were specific to the Retrieve condition (deactivated during Compute). 
Language areas deactivations during both arithmetic tasks. The conjunction analysis between Rest versus Retrieve and Rest versus Compute revealed significant
NrCBF increases bilaterally in the frontal, temporal and parietal cortex (Fig. 4 and Note. Activated region volumes are given in cm 3 . Within these regions, the anatomical localization of extremum is based on MNI template anatomical analysis. The Z map was thresholded at Z 0 ϭ 3.09 (P Ͻ 0.001, uncorrected for multiple comparisons) (R, right; L, left; inf., inferior; sup., superior; mid., middle; ant., anterior; post., posterior; med., median; corrected P value, individual activation focus P value corrected for multiple comparisons).
FIG. 3. Statistical parametric map showing the significant NrCBF increases during Compute versus Retrieve masked by Compute versus Read (hot colors) and Retrieve versus Compute masked by Retrieve versus Read (cold colors)
. Z volumes are projected on axial slices of the MNI template and were thresholded at Z 0 ϭ 3.09 (P ϭ 0.001, uncorrected for multiple comparisons). The Z coordinate of each slice corresponds to the maximal value voxel of each cluster shown in Table 4 (L, left; R, right).
interpreted as deactivations during both arithmetic tasks.
Deactivations were detected in the classical language areas: in the pars triangularis (Brodmann' area: BA 44) and opercularis (BA 45) of the inferior frontal gyrus corresponding to the Broca's area on the left. This activation extended to the pars orbitaris of the left inferior frontal gyrus. In the temporal lobe, bilateral deactivations were observed in the superior and middle temporal gyri extending to the inferior part of the left supramarginal gyrus. Deactivations corresponding to Wernicke's area in the posterior part of the left superior temporal gyrus were observed. This deactivation extended to the anterior part of the left superior temporal gyrus. Finally, other deactivations were observed in the cingulate gyrus and in the inferior part of the supramarginal gyrus bilaterally, in the left angular gyrus, in the right precentral sulcus, and in the right superior frontal gyrus. All these areas, except for the right superior frontal gyrus, were significant at P Ͻ 0.05 (corrected).
DISCUSSION
Mental Calculation and Language Areas
The present results show that the retrieval of arithmetic facts does not rely on the perisylvian language areas. As a matter of fact, the contrast between Retrieve and Read did not show the involvement of the left inferior frontal gyrus (Broca's area) nor the posterior part of the superior and middle temporal gyri (Wernicke's area), suggesting that arithmetic facts retrieval was not mediated by these areas. By contrast, these areas were deactivated during the two arithmetic tasks as compared to rest. NrCBF decreases in these regions were already evidenced during multiplication retrieval as compared to rest in a previous study (Dehaene et al., 1996) . In addition, our results showed that the NrCBF decrease was larger during Compute than during Retrieve (see plots Fig. 4 ). This result leads us to hypothesize that calculation induces perisylvian lan- Note. Activated region volumes are given in cm 3 . Within these regions, the anatomical localization of extremum is based on MNI template anatomical analysis. The Z map was thresholded at Z 0 ϭ 3.09 (P Ͻ 0.001, uncorrected for multiple comparisons) (R, right; L, left; inf., inferior; sup., superior; mid., middle; ant., anterior; post., posterior; med., median; corrected P value, individual activation focus P value corrected for multiple comparisons).
guage areas inhibition in relation with the cognitive demand and the amount of difficulty of the calculation task. Such a phenomenon can be considered as an indication of the relative independence of language and calculation processes, as testified by neuropsychological evidences showing deep aphasics with preserved mathematical abilities (Warrington, 1982; Whetstone, 1998) .
Arithmetic facts retrieval and naming. By contrast, Retrieve as compared to Read activated the left anterior insula and the right cerebellar cortex, regions previously found in neuroimaging studies dealing with picture of tool or animal naming, in which neither Broca's nor Wernicke's areas were activated (Martin et al., 1996; Etard et al., 1999) . In this last study, the absence of implication of the Broca-Wernicke network was linked to the fact that a single name had to be recalled when a picture was shown to the subjects. In such a case, no selection among different names had to be done, a role known to be devoted to Broca's area (Thompson-Schill et al., 1997; Thompson-Schill et al., 1998) , and no access to the different meaning and associations linked to the picture or the name was necessary, a role devoted to Wernicke's area (Mesulam, 1998) . The present results suggest that direct retrieval of multiplication facts appears similar to a naming task since a single valid response is assigned to a problem and corresponds to a single referent word. Furthermore, in the present study, the association between an arithmetic fact and its appropriate response had been reinforced with the arithmetic fact training before the PET session. Hence, the network underlying the verbal association between an arithmetic fact and its appropriate response includes the left anterior insula and the right cerebellar cortex, as during picturenaming tasks.
Arithmetic Facts Retrieval and Finger CountingBased Representation
Beside the verbal association network described above, Retrieve as compared to Read also involved, in the left hemisphere, the precentral gyrus, the anterior part of the intraparietal sulcus, the posterior part of the cerebellar cortex, and the right superior occipital gyrus. We suggest that these areas constitute a circuit which could underlie a finger counting-based representation thus mediating the numerical knowledge.
As a matter of fact, this network was repeatedly found in neuroimaging studies on mental calculation. The left precentral region and the left intraparietal sulcus have been previously described during additions (Dehaene et al., 1990; deJong et al., 1996; Ghatan et al., 1998; Pesenti et al., 2000) , multiplications (Dehaene et al., 1996) , subtractions (Rueckert et al., 1996) , but also during comparisons . As observed in the present study, the left intraparietal activation has also been described together with a right superior occipital activation during a counting task (Sathian et al., 1999) . The parietal cortex has been claimed to support the processing of approximate numerical magnitudes through a visuospatial analog representation (Dehaene and Cohen, 1995) . This hypothesis would be consistent with neuropsychological data showing that lesions of the left parietal cortex affect the processing of numerical meaning (Warrington, 1982; Whetstone, 1998) . Our results show that within the parietal lobe, the left intraparietal sulcus is involved in numerical and quantity manipulation underlying not only approximate, but also exact calculation, as was proposed elsewhere (Pesenti et al., 2000) . As a matter of fact, during the Retrieve condition, the subjects dealt with digits ranging from 2 to 9, involving a magnitude processing, a process that is less present when subject have to deal with 0 and 1 as in the Read condition.
The left precentral, parietal, and contralateral cerebellar activations observed in the present study could be related to a motor finger representation network. As a matter of fact, the left precentral activation was situated within the premotor strip at the coordinates of finger representation: an activation at a similar location was found during learning of finger movement sequences (Seitz and Roland, 1992) , hand manipulation of 3-D objects (Binkofski et al., 1999a) and mental imagery of grasping movements (Decety et al., 1994) together with right cerebellum activation. The parietal cortex takes also part in a neural circuit that controls hand shapes and finger movements (Binkofski et al., 1999a (Binkofski et al., , 1999b Jeannerod et al., 1995) , suggesting that it may also contribute to finger counting. This hypothesis is supported by the description of Gerstmann's syndrome patients showing an association between acalculia and finger agnosia, left-right disorientation and dysgraphia (Gerstmann, 1927; Mayer et al., 1999) .
This relation between numerical processing and finger manipulation can be integrated in the light of developmental or cross-cultural studies showing that finger-counting is known to be one of the basic numerical learning strategy spontaneously developed (Butterworth, 1999; Carpenter and Moser, 1983) . It is also in line with a recent developmental study showing that performance on finger knowledge tests (e.g., digital gnosia and digital discrimination, etc.) was the best predictor of arithmetical achievement in 5-to 6-yearold children (Fayol et al., 1998) . The external finger digit manipulation could thus mediate the internal quantification representation (Simon, 1999) . Hence, this cerebello-parieto-premotor network could be a trace of a developmental finger-counting strategy used for numerical acquisition and by extension could un-derlie the numerical knowledge mediated by a spatialpremotor circuit.
Computation Network
Although Retrieve and Compute cognitive tasks share in common the retrieval of arithmetic facts, some cerebral areas evidenced in the conjunction analysis of these two conditions versus Read (Fig. 2c) exhibited larger NrCBF during Compute. Among these areas, the middle occipital and fusiform gyri, in charge of numbers perceptual processing, show NrCBF variations linked to the complexity of the stimuli, namely a larger involvement for the multidigits than for the single-digit visual processing. This hypothesis is consistent with neuropsychological data showing an impairment of calculation after lesions of the occipital cortex when the operands are visually presented (Dehaene and Cohen, 1997) . In the same vein, the left middle frontal gyrus and superior frontal sulcus, present during both arithmetic tasks, showed significantly larger NrCBF increases in Compute (see Table  4 , left middle frontal gyrus reach the significance at a threshold of P 0.01). Anatomically, this network of areas has been described as active in different cognitive tasks involving working memory and executive processes (Goldman-Rakic, 1984; Jonides, 1998, 1999) and were activated during a simple multiplication task (Chochon et al., 1999) . Taken together, this argues for the involvement of nonnumerical working memory and executive processes during mental calculation, particularly present during complex mental calculation.
In addition to the areas shared in common by both tasks, some regions exhibited activations specific to Compute (see Table 4 , and results) related to the specificity of complex calculation corresponding to working memory mechanisms. These regions belong to the visuospatial domain, and, on the basis of previous functional imaging knowledge, we segregated it in visuospatial working memory and mental imagery networks for the purpose of the discussion.
Recent views on the neural basis of working memory assume that the prefrontal cortex, acting together with posterior brain structures, represents a large-scale network (Mesulam, 1998; Fuster, 1998a,b; Fuster, 1997) . Within this framework, prefrontal working memory areas could be segregated depending of their domain specificity (Goldman-Rakic, 1984 , 1993 . The left superior frontal gyrus activated in the present study had been shown to be specifically involved during the holding of an active representation of visuospatial informations (Courtney et al., 1998; Jonides et al., 1993; Smith et al., 1996) . This can be considered as an indication that the type of working memory involved during com- putation is visuospatial. In the same vein, the left supramarginal gyrus activation could constitute the posterior part of a such frontal-parietal large-scale network at work during computation. Previous neuroimaging studies claimed this region to be the anatomical locus of the phonological storage of the verbal working memory (Paulesu et al., 1993; Smith and Jonides, 1998; Smith et al., 1996) , suggesting that intermediate results would be maintained as verbal storage. But a recent finer grained meta-analysis demonstrated that the supramarginal gyrus contains two different locus: one in its superior part, at a location similar to the present activation, that is involved in visuospatial working memory tasks, while the second located along with the posterior bank of the Sylvian fissure, would be specific of verbal working memory (Becker et al., 1999) . In the present study, not only is the superior part of the supramarginal gyrus activated but the lower part also appears deactivated during the arithmetic tasks (see Fig. 4 ). This evidence of a phonological store area deactivation has already been described during studies on simple multiplication retrieval (Dehaene et al., 1996) and simple multiplication verification tasks (Rickard et al., 2000) .
Beside the visuospatial working memory network described above, Compute involved bilateral inferior temporal gyri, areas belonging to the ventral pathway. Such bilateral ventral regions are recruited by visual mental imagery of objects in the absence of any visual input (Mellet et al., 2000 (Mellet et al., , 1998a (Mellet et al., , 1998b . Visual mental imagery strategy constitutes indeed a valuable help as demonstrated by the better results obtained by subjects performing mental complex calculation by this way (Hayes, 1973) and probably mediates the visual mental imagery based resolution strategy, indicated by the subject's introspective reports.
CONCLUSION
The present results allow to hypothesize that a developmental trace of a finger counting-based learning strategy underlying, by extension, numerical manipulation competence, and numerical knowledge in adult is implemented within a left parieto-premotor circuit during arithmetic facts retrieval. Beside this basic circuit of numerical processing, arithmetic facts also engaged a verbal association network between an arithmetic fact and its response relying on naming regions.
The involvement of visuospatial working memory and mental imagery areas during complex calculation brings strong evidence that the short-term memory medium is of visuospatial type, associated with a visual resolution strategy. These results give support to the idea that numerical and spatial representations are intricately intertwined in the parietal and frontal lobes and that these visuospatial representations are Note. Activated region volumes are given in cm 3 . Within these regions, the anatomical localization of extremum is based on MNI template anatomical analysis. The Z map was thresholded at Z 0 ϭ 3.09 (P Ͻ 0.001, uncorrected for multiple comparisons) (R, right; L, left; inf., inferior; sup., superior; mid., middle; ant., anterior; post., posterior; med., median; corrected P value, individual activation focus P value corrected for multiple comparisons).
involved at the different levels of mental calculation as well as different levels of expertise (Pesenti et al., 2001) . However, the question of whether some of these posterior regions are specific of calculation processes , or whether numerical thinking that emerges from visuospatial areas during development is still processed in adults by nonspecific areas (Simon, 1999) , remains an open debate that will need further investigations.
